Reaction centers of purple bacteria with modified chromophores by Scheer, Hugo et al.
NATO ASI Series 
A d v a n c e d S c i e n c e I n s t i t u t e s S e r i e s 
A series presenting the results of activities sponsored by the NATO Science Committee, 
which aims at the dissemination of advanced scientific and technological knowledge, 
with a view to strengthening links between scientific communities. 
The ser ies is publ ished by an international board of publ ishers in con junc t ion wi th the 
N A T O Scient i f ic Affairs Division 
A L i fe S c i e n c e s Plenum Publ ishing Corpora t ion 
B P h y s i c s New York and London 
C M a t h e m a t i c a l K luwer Academic Publ ishers 
a n d P h y s i c a l S c i e n c e s Dordrecht , Bos ton , and London 
D Behav io ra l a n d Soc ia l S c i e n c e s 
E A p p l i e d S c i e n c e s 
F C o m p u t e r a n d S y s t e m s S c i e n c e s Spr inger-Ver lag 
G Eco log i ca l S c i e n c e s Berl in, He ide lberg , N e w York , London , 
H Ce l l B i o l ogy Paris, and T o k y o 
Recent Volumes in this Series 
Volume 143—Antiviral D r u g D e v e l o p m e n t : A M u l t i d i s c i p l i n a r y A p p r o a c h 
e d i t e d b y E r i k D e C l e r c q a n d R i c h a r d T. W a l k e r 
Volume 144— H-2 A n t i g e n s : G e n e s , M o l e c u l e s , F u n c t i o n 
e d i t e d by C h e l l a S. D a v i d 
Volume 145— P h a r m a c o k i n e t i c s : M a t h e m a t i c a l a n d S t a t i s t i c a l A p p r o a c h e s 
t o M e t a b o l i s m a n d D i s t r i b u t i o n o f C h e m i c a l s a n d D r u g s 
e d i t e d b y A. P e c i l e a n d A . R e s c i g n o 
Volume 146—-Reactive O x y g e n S p e e l e s in C h e m i s t r y , B i o l o g y , a n d M e d i c i n e 
e d i t e d by A l e x a n d r e Q u i n t a n i l h a 
Volume 147—The B i o p h y s i c s o f O r g a n C r y o p r e s e r v a t i o n 
e d i t e d by D a v i d E. P e g g a n d A r m a n d M . K a r o w , J r . 
Volume 148— C e r e b e l l u m a n d N e u r o n a l P l a s t i c i t y 
e d i t e d by M i t c h e l l G l i c k s t e i n , C h r i s t o p h e r Y e o , a n d 
J o h n S t e i n 
Volume 149—The P h o t o s y n t h e t i c B a c t e r i a l R e a c t i o n C e n t e r : 
S t r u c t u r e a n d D y n a m i c s 
e d i t e d by J a c q u e s B r e t o n a n d A n d r £ V e r m ö g l i o 




Structure and Dynamics 
E d i t e d b y 
Jacques Breton 
C E N S a c l a y 
G i f - s u r - Y v e t t e , F r a n c e 
a n d 
Andre Vermeglio 
A R B S 
C E N C a d a r a c h e 
S a i n t P a u l lez D u r a n c e , F r a n c e 
Plenum Press 
New York and London 
Published in Cooperation with NATO Scientific Affairs Division 
P r o c e e d i n g s o f a N A T O A d v a n c e d R e s e a r c h W o r k s h o p o n t h e 
S t r u c t u r e o f t h e P h o t o s y n t h e t i c B a c t e r i a l R e a c t i o n C e n t e r : 
X - R a y C r y s t a l l o g r a p h y a n d O p t i c a l S p e c t r o s c o p y w i t h 
P o l a r i z e d L i g h t , 
h e l d S e p t e m b e r 2 0 - 2 5 , 1987, 
a t t h e C e n t r e d ' E t u d e s N u c I G a i r e s d e 
C a d a r a c h e , F r a n c e 
L i b r a r y o f C o n g r e s s C a t a l o g i n g in P u b l i c a t i o n D a t a 
N A T O A d v a n c e d R e s e a r c h W o r k s h o p o n t h e S t r u c t u r e o f t h e P h o t o s y n t h e t i c 
B a c t e r i a l R e a c t i o n C e n t e r (1987: C a d a r a c h e , F r a n c e ) 
T h e p h o t o s y n t h e t i c b a c t e r i a l r e a c t i o n c e n t e r : s t r u c t u r e a n d d y n a m i c s / e d i t e d 
by J a c q u e s B r e t o n a n d A n d r ä V e r m 6 g l i o . 
p c m . — ( N A T O A S I s e r i e s . S e r i e s A , L i f e s c i e n c e s ; v. 149) 
" P r o c e e d i n g s o f N A T O A d v a n c e d R e s e a r c h W o r k s h o p o n t h e S t r u c t u r e o f t h e 
P h o t o s y n t h e t i c B a c t e r i a l R e a c t i o n C e n t e r . . . h e l d S e p t e m b e r 2 0 - 2 5 , 1987, 
C a d a r a c h e , F r a n c e . " 
" P u b l i s h e d in C o o p e r a t i o n w i t h N A T O S c i e n t i f i c A f f a i r s D i v i s i o n . " 
B i b l i o g r a p h y : p. 
I n c l u d e s i n d e x . 
I S B N 0-306-42917-9 
1. P h o t o s y n t h e s i s — C o n g r e s s e s . 2. B a c t e r i a , P h o t o s y n t h e t i c — C o n g r e s s e s 3. 
B a c t e r i a l p i g m e n t s — C o n g r e s s e s . I. B r e t o n , J a c q u e s . I I . V e r m ö g l i o , A n d r ö . I I I . 
N o r t h A t l a n t i c T r e a t y O r g a n i z a t i o n . S c i e n t i f i c A f f a i r s D i v i s i o n . IV. T i t l e . V. S e r i e s . 
Q R 8 8 . 5 1987 88-12581 
5 8 1 . 1 ' 3 3 4 2 — d c 1 9 C I P 
© 1 9 8 8 Plenum Press, New York 
A Division of Plenum Publ ishing Corporat ion 
2 3 3 Spr ing Street , New York , N.Y. 1 0 0 1 3 
All r ights reserved 
No part of this book may be rep roduced , s to red in a retr ieval Sys tem, 
or t ransmit ted in any fo rm or by any means, e lec t ron ic , mechanica l , pho tocopy ing , 
microfUrning, record ing , or o therw ise , w i thout wr i t ten permiss ion f rom the Publ isher 
Pr inted in the Uni ted Sta tes of Amer ica 
CONTENTS 
The Crystal Structure of the Photosynthetic Reaction Center 
from Rhodopseudomonas v i r i d i s 1 
J. Deisenhofer and H. Michel 
Structure of the Reaction Center from Rhodobacter sphaeroides 
R-26 and 2.4-1 5 
J.P. Allen, G. Feher, T.O. Yeates, H. Komiya and D.C. Rees 
Symmetry Breaking Structures Involved i n the Docking of 
Cytochrome c and Primary Electron Transfer i n Reaction 
Centers of Rhodobacter sphaeroides 13 
D. M. Tiede, D.E. Budil, J. Tang, 0. El-Kabbani, J.R. Norris, 
C.H. Chang and M. Schiffer 
Crystallographic Studies of the Photosynthetic Reaction Center 
from Wild Type Rhodobacter sphaeroides (Y Strain) 21 
A. Ducruix, B. Arnoux and F. Reiss-Husson 
Single Crystals of the Photochemical Reaction Center from 
Rhodobacter sphaeroides Wild Type Strain 2.4.1. 
Analyzed by Polarized Light 27 
H.A. Frank, S.S. Taremi, J.R. Knox and W. Mäntele 
Spectroscopic Studies of Crystallized Pigment-protein 
Complexes of R. palustris 33 
W. Mäntele, K. Steck, A. Becker, T. Wacker, W. Welte, 
N. Gad'on and G. Drews 
Protein-prosthetic Group Interactions i n Bacterial Reaction 
Centers 41 
M. Lutz, B. Robert, Q. Zhou, J.-M. Neumann, W. Szponarski 
and G. Berger 
Circular Dichroism Spectroscopy of Photoreaction Centers 51 
T. Mar and G. Gingras 
Low Temperature Linear Dichroism Study of the Orientation 
of the Pigments i n Reduced and Oxidized Reaction 
Centers of Rps. v i r i d i s and Rb. sphaeroides 59 
J. Breton 
Anisotropie Magnetic F i e l d Effects of the Photosynthetic 
Bacterial Reaction Center of Rhodobacter sphaeroides R-26, 
Studied by Linear Dichroic Magneto-optical Difference 
Spectroscopy (LD-MODS) i n the Temperature Range 1.2-310K 71 
E. J. Lous and A.J. Hoff 
vii 
Bacterial Reaction Centers are I n t r i n s i c a l l y Heterogeneous 89 
A.J. Hoff 
Reaction Centers of Purple Bacteria with Modified Chromophores 101 
H. Scheer, D. Beese, R. Steiner and A. Angerhofer 
Quantitative Analysis of Genetically Altered Reaction Centers 
Using an In Vitro Cytochrome Oxidation Assay 113 
E.J. Bylina, R. Jovine and D.C. Youvan 
Properties of Reaction Centers From the Green Photosynthetic 
Bacterium Chloroflexus aurantiacus 119 
R.E. Blankenship, J.T. Trost and L.J. Mancino 
Structural and Functional Properties of the Reaction Center 
of Green Bacteria and Heliobacteria 129 
J. Amesz 
Molecular Dynamics Simulation of the Primary Processes i n 
the Photosynthetic Reaction Center of Rhodopseudomonas 
v i r i d i s 139 
H. Treutlein, K. Schulten, J. Delsenhofer, H. Michel, 
A. Brünger and M. Karplus 
The Stark Effect i n Photosynthetic Reaction Centers from 
Rhodobacter sphaeroides R-26, Rhodopseudomonas v i r i d i s 
and the D^D« Complex of Photosystem II from Spinach 151 
M. Lösche, G. Feher and M.Y. Okamura 
The Nature of Excited States and Intermediates i n Bacterial 
Photosynthesis 165 
S.G. Boxer, R.A. Goldstein, D.J. Lockhart, T.R. Middendorf 
and L. Takiff 
On the Energetics of the States *P#, ^P* and P+H i n 
Reaction Centers of Rb. sphaeroides 177 
A. Ogrodnik, M. Volk and M.E. Michel-Beyerle 
The Possible Existence of a Charge Transfer_State which 
Preceeds the Formation of (BChl) 2 BPh i n Rhodobacter 
sphaeroides Reaction Centers 185 
P.L. Dutton, G. Alegria and M.R. Gunner 
The Primary Electron Transfer i n Photosynthetic Purple 
Bacteria : Long Range Electron Transfer i n the 
Femtosecond Domain at Low Temperature 195 
J.L. Martin, J. Breton, J.C. Larabry and G. Fleming 
The Problem of Primary Energy Conversion i n Reaction Centers 
of Photosynthetic Bacteria 2 0 5 
V.A. Shuvalov, A.O. Ganago, A.V. Klevanik 
and A.Ya. Shkuropatov 
Temperature Effects on the Ground State Absorption Spectra 
and Electron Transfer Kinetics of Bacterial Reaction 
Centers 219 
C. Kirmaier and D. Holten 
viii 
ENDOR of Exchangeable Protons of the Reduced Interraediate 
Acceptor in Reaction Centers from Rhodobacter sphaeroides 
R-26 229 
G. Feher, R.A. Isaacson, M.Y. Okamura and W. Lubitz 
FTIR Spectroscopic Investigations of the Intermediary 
Electron Acceptor Photoreduction i n Purple 
Photosynthetic Bacteria and Green Plants 237 
E. Nabedryk, S. Andrianambinintsoa, W. Mäntele 
and J. Breton 
Charge Recombination at Low Temperature i n Photosynthetic 
Bacteria Reaction Centers 251 
P. Parot, J. Thiery and A. Vermeglio 
Temperature and - AG 0 Dependence of the Electron Transfer 
to and from Q A in Reaction Center Protein from 
Rhodobacter sphaeroides 259 
M.R. Gunner and P.L. Dutton 
The Effect of an Electric Field on the Charge Recombination 
Rate of D+Q^ > DQ. i n Reaction Centers from 
Rhodobacter sphaeroides R-26 271 
G. Feher, T.R. Arno and M.Y. Okamura 
Pressure Effects on Electron Transfer i n Bacterial Reaction 
Centers 289 
M.W. Windsor 
The Spectral Properties of Chlorophyll and Bacteriochlorophyll 
Dimers ; a Comparative Study 295 
A. Scherz and V. Rosenbach-Belkin 
Spectroscopic Properties and Electron Transfer Dynamics of 
Reaction Centers 309 
W. Parson, A. Warshel, S. Creighton and J. Norris 
Analysis of A, LD, CD, ADMR and LD-ADMR Spectra for the 
Reaction Centers of Rps. v i r i d i s , Rb. sphaeroides, 
C. aurantiacus and Modified Rb. sphaeroides 319 
P.O.J. Scherer and S.F. Fischer 
Modified-CI Model of Protein-induced Red Shifts of Reaction 
Center Pigment Spectra 331 
R.M. Pearlstein 
Temperature Dependence of the Long Wavelength Absorption 
Band of the Reaction Center of Rhodopseudomonas 
v i r i d i s 341 
Y. Won and R.A. Friesner 
Discussion of the Large Homogeneous Width of the P-Band 
in Bacterial- and Plant Reaction Centers 351 
D. A. Wiersma 
Theoretical Models of Electrochromic and Environmental 
Effects on Bacterio-Chloropbylls and -Pheophytins 
in Reaction Centers 355 
L.K. Hanson, M.A. Thompson, M.C. Zerner and J. Fajer 
ix 
Electrostatic Control of Electron Transfer i n the 
Photosynthetic Reaction Center of Rhodopseudomonas 
v i r i d i s 369 
H. Treutlein, K. Schulten, C. Niedermeier, 
J. Delsenhofer, H. Michel and D. DeVault 
Molecular Orbital Studies on the Primary Donor Pqz.0 in 
Reaction Centers of Rps. v i r i d i s 379 
M. Plato, F. Lendzian, W. Lubitz, E. Tränkle and 
K. Möbius 
Early Steps i n Bacterial Photosynthesis. Comparison of 
Three Mechanisms 389 
R.A. Marcus 
Mechanism of the Primary Charge Separation i n Bacterial 
Photosynthetic Reaction Centers 399 
M. Bixon, J. Jortner, M. Plato and M.E. Michel-Beyerle 
A Configuration Interaction (CI) Description of Vectorial 
Electron Transfer i n Bacterial Reaction Centers 421 
M. Plato and C.J. Winscom 
Charge Transfer States and the Mechanism of Charge 
Separation i n Bacterial Reaction Centers 425 
P.O.J. Scherer and S.F. Fischer 




REACTION CENTERS OF PURPLE BACTERIA 
WITH MODIFIED CHROMOPHORES 
H. Scheer, D. Beese, and R. S t e i n e r 
B o t a n i s c h e s I n s t i t u t d e r Universität 
Menzinger S t r . 67 
D-8000 München 19, FRG 
A. A n g e r h o f e r 
P h y s i k a l i s c h e s I n s t i t u t d er Universität 
P f a f f e n w a l d r i n g 57 
D-7000 S t u t t g a r t 80, FRG 
INTRODUCTION 
R e a c t i o n c e n t e r s (RC*) of p u r p l e b a c t e r i a are g e n e r a l l y 
composed of t h r e e s u b u n i t s d e s i g n a t e d H ( i g h ) , M(edium) and 
L(ow) a c c o r d i n g t o t h e i r a p p arent m o l e c u l a r weigths on SDS 
PAGE. Four m o l e c u l e s of b a c t e r i o c h l o r o p h y l l (Behl) are bound t o 
i t , t o g e t h e r w i t h two b a c t e r i o p h e o p h y t i n s (Bphe), two guinones 
(Q) and one non-heme i r o n . The c r y s t a l s t r u c t u r e of RC from the 
BChl b - c o n t a i n i n g p u r p l e p h o t o s y n t h e t i c b a c t e r i u m , Rp. v i r i d i s 
(Delsenhof e r e t a l , 1984) and from the Behl a - c o n t a i n i n g Rb. 
s p h a e r o i d e s (Chang e t a l . r 1986; A l l e n et a l . , 1987) shows a C2 
- symmetry a x i s which d i v i d e s the r e a c t i o n c e n t e r i n t o two very 
s i m i l a r s e t s of pigments i n t e r a c t i n g m a i n l y w i t h the L and 
M - s u b u n i t s , r e s p e c t i v e l y . The r e a c t i o n c e n t e r i s asymmetric, 
however f i n f u n c t i o n a l terms. The p r i m a r y Charge S e p a r a t i o n 
takes p l a c e most p r o b a b l y from the s p e c i a l p a i r s i t u a t e d on the 
symmetry a x i s , v i a Bphei and Q A s i t u a t e d on the L - ( o r * a c t i v e ' ) 
branch of the complex, t o Q b on the M or ' i n a c t i v e ' branch 
( D e i s e n h o f e r e t a l . , 1984; V e r m e g l i o and P a i l l o t i n , 1982; Z i n t h 
e t a l . , 1985). 
*) A b b r e v i a t i o n s : RC = r e a c t i o n c e n t e r ; B e h l = b a c t e r i o c h l o -
r o p h y l l ; Bphe = b a c t e r i o p h e o p h y t i n , t he l o c a t i o n of these 
pigments on the L- o r M-branch of the RC i s i n d i c a t e d by the 
r e s p e c t i v e s u b s c r i p t ; P870 = p r i m a r y donor; C h i = C h l o r o p h y l l ; 
Q = guinone; s u b s c r i p t i n d i c a t e s t he p r i m a r y (A) or secondary 
a c c e p t o r (B) l o c a t e d on the L- and M-branch, r e s p e c t i v e l y ; cd = 
c i r c u l a r d i c h r o i s m , ESR = e l e c t r o n s p i n resonance; SDS-PAGE = 
sodium d o d e c y l s u l f a t e P o l y a c r y l a m i d e g e l e l e c t r o p h o r e s i s , LDAO 
= d i m e t h y l d o d e c y l a m i n e o x i d e , TX-100 = T r i t o n X-100; Rb. = 
Rhodobacter; Rp. = Rhodopseudomonas, Rs^ = R r i p d o s p i r i l l u m , 
Cf. = C h l o r o f i e x u s , C r . = Chromatium. 
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T h i s p r o v i d e s a f u n c t i o n f o r o n l y t h r e e of the s i x c h l o -
r o p h y l l o u s pigments. Much l e s s i s known on the f u n c t i o n of the 
remaining two monomeric BChl a molecules a b s o r b i n g around 800nm 
(BchlL, BchlM), and of the second p h e o p h y t i n , BpheM, which 
shows a w e l l r e s o l v e d a b s o r p t i o n from the ' a c t i v e ' Bphei. i n the 
Qx s p e c t r a l r e g i o n . BchlL i s s i t u a t e d between the p r i m a r y 
donor, P870, and the "primary" a c c e p t o r , Bphei. . I t i s s t i l l 
u n c l e a r , however, i f i t a c t s as " p r e - p r i m a r y " a c c e p t o r i n t h i s 
p r o c e s s (Shuvalov and Duysens, 1986), or i f some o t h e r mech-
anisms l i k e super-exchange, r a p i d hopping between a c l o s e and a 
d i s t a n t s i t e or y e t another p r o c e s s i s o p e r a t i v e ( H o l t e n , 1986; 
Ogrodnik et a l . , 1982; Breton, 1986; Z i n t h e t a l . , 1985; Knapp 
et a l . , 1985; W a s i e l e w s k i , 1986; Parson, 1982, M i c h e l - B e y e r l e 
e t a l . , 1987; F i s c h e r and Scherer, 1987). The p a r t i c i p a t i o n of 
the pigments on the M-branch, BchlM and BpheM, i s u n c l e a r . The 
l a t t e r can a l s o a c c e p t an e l e c t r o n (Robert e t a l . f 1985; 
M i c h e l - B e y e r l e et a l . , 1987), but i t i s q u e s t i o n a b l e i f t h i s 
a l s o takes p l a c e under p h y s i o l o g i c a l c o n d i t i o n s . 
In view of the t i g h t p a c k i n g of the pigments and the 
h i g h l y o p t i m i z e d Charge S e p a r a t i o n , m o d i f i e d RC are of con-
s i d e r a b l e i n t e r e s t to understand the mechanism of Charge 
S e p a r a t i o n and the f u n c t i o n of a l l pigments p r e s e n t i n RC. 
The p o s s i b i l i t y t o remove one of the s i x t e t r a p y r r o l i c p i g -
ments i n b a c t e r i a l r e a c t i o n c e n t e r s ( D i t s o n e t a l . , 1984) 
p r o v i d e d f o r the f i r s t time an e x p e r i m e n t a l t o o l t o modify 
the t e t r a p y r r o l e s i n t h i s complex. By treatment w i t h sodium 
b o r o h y d r i d e , about 50% of the b a c t e r i o c h l o r o p h y l l (Behl) a b s o r -
b i n g at 800nm can be removed. From k i n e t i c ( M a r o t i et a l . , 
1985; H o l t e n , i986; Shuvalov and Duysens, 1986; B r e t o n 1986) 
and s p e c t r o s c o p i c evidence (Robert et a l . , 1986; S c h e r e r and 
F i s c h e r , 1987), i t has been suggested t h a t the ' i n a c t i v e ' BchlM 
l o c a t e d between the p r i m a r y donor P870 and the b a c t e r i o p h e o -
p h y t i n BpheM on the M-branch, i s reduced a t the 3 - a c e t y l group 
and can then be d i s s o c i a t e d from the r e m a i n i n g complex ( M a r o t i 
e t a l . , 1985). A b a s i c reguirement f o r e v a l u a t i n g the r e s u l t s 
i s a thorough c h a r a c t e r i z a t i o n of the m o d i f i e d p r e p a r a t i o n s 
w i t h r e s p e c t t o c h e m i c a l c o m p o s i t i o n , homogeneity, s p e c t r o s c o p y 
and k i n e t i c s . T h i s i s of p a r t i c u l a r importance because the 
homogeneity of the sample has been q u e s t i o n e d more r e c e n t l y by 
Shuvalov et a l . (1986), who d i s c u s s a produet mixture i n which 
the BpheM i s p a r t l y reduced as w e l l . 
P r i n c i p a l l y , an exchange of pigments w i t h m o d i f i e d ones would 
be most u s e f u l . Much of the p r o g r e s s i n the r e t i n y l i d e n e -
p r o t e i n r e s e a r c h r e l i e s on t h i s t e c h n i q u e . However, comparably 
few such experiments have been r e p o r t e d on ( b a c t e r i o ) C h l o r o -
p h y l l p r o t e i n s , and i t i s moreover v e r y d i f f i c u l t t o v e r i f y the 
exchange. Loach e t a l . (1975) p r o v i d e d E S R - s p e c t r o s c o p i c 
evidence f o r an exchange of Behl i n A U T - p a r t i c l e s from Rs. 
rubrum. The l i n e narrowing observed upon i n e u b a t i o n of 1H-RC 
w i t h 2 H - B c h l was r e v e r s e d , however, a f t e r subsequent washing of 
the samples (P.Loach, p r i v a t e communication, Beese, 1984). The 
r e i n c o r p o r a t i o n of C h i a' i n t o ether-washed PSI p a r t i c l e s l e d 
to a l i g t h i nduced d i f f e r e n c e spectrum s i m i l a r t o t h a t of P700, 
but the b l e a c h i n g was at s h o r t e r wavelengths, and more impor-
t a n t i t was i r r e v e r s i b l e (Hiyama et a l . , 1987). V e r i f i c a t i o n 
Problems are even more severe w i t h antenna complexes ( C l a y t o n 
and C l a y t o n , 1982; Parkes-Loach et a l . , 1987; Plumley and 
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Schmidt, 1987, Chadwick e t a l . , 1987) f o r d i f f i c u l t i e s i n 
e s t a b l i s h i n g r e l i a b l e f u n c t i o n a l c r i t e r i a i n an i s o l a t e d 
antenna. These v e r i f i c a t i o n Problems are m a i n l y r e l a t e d to 
t h r e e f a c t o r s : pigment a d s o r p t i o n on RC (v i d e supra) d e t e r g e n t 
e f f e c t s on the s p e c t r a of p i g m e n t - p r o t e i n complexes (Chadwick 
e t a l . , 1987), and f o r m a t i o n of m i c e l l a r ( b a c t e r i o ) c h l o r o -
p h y l l - d e t e r g e n t complexes which have s p e c t r o s c o p i c and c h e m i c a l 
p r o p e r t i e s v e r y s i m i l a r t o the ones of p r o t e i n complexes w i t h 
the r e s p e c t i v e pigments ( G o t t s t e i n and Scheer, 1983; Scherz and 
Parson, 1984, 1986, Scheer e t a l . , 1985; Scherz and Rosenbach-
B e l k i n , 1987). 
Here, we want t o sumarize d a t a c h a r a c t e r i z i n g the " N a B H t -
removable" Behl a, i t s i n t e r a c t i o n s w i t h near-by pigments, and 
the homogeneity of t r e a t e d RC from Rb. s p h a e r o i d e s , as w e l l as 
the e x t e n s i o n of the m o d i f i c a t i o n method to o t h e r pigment 
complexes. In a d d i t i o n , r e s u l t s are p r e s e n t e d on an improvement 
of the method of Loach e t . al.(1975) by which the ' e x t r a 1 Behl 
m o l e c u l e s BchlL and BchlM are exchanged w i t h extraneous pigment 
MATERIALS AND METHODS 
P r e p a r a t i o n s 
RC from Rb. s p h a e r o i d e s were p r e p a r e d by a m o d i f i c a t i o n 
of the method of Feher and Okamura (1978). BchlM was removed 
a e c o r d i n g t o the o r i g i n a l method of D i t s o n e t a l . (1985) by 
a d d i t i o n of s o l i d b o r o h y d r i d e i n the presence of LDAO as d e t e r -
gent. To s t o p the r e a c t i o n i n k i n e t i c experiments, a l i q u o t s 
were d i l u t e d 1:1 w i t h a g l u c o s e S o l u t i o n ( f o r s p e c t r o s c o p i c 
s t u d i e s ) , or t r e a t e d w i t h acetone to p r e e i p i t a t e the p r o t e i n 
( f o r P o l y p e p t i d e a n a l y s i s ) . 
Exchange experiments 
RC were t r e a t e d w i t h a 10-20 f o l d excess of f r e e pigment 
a e c o r d i n g to Loach et a l (1975). The temperature was r a i s e d 
t o 40°C. P u r i f i c a t i o n of RC a f t e r m o d i f i c a t i o n and d e t e r g e n t 
i 1 1 1 1 1 i — 
500 600 700 800 900 1000 
Ä/nm 
F i g . 1. A b s o r p t i o n s p e c t r a at 4 K of RC from Rb. s p h a e r o i d e s 
R26 b e f o r e (A),and a f t e r treatment w i t h b o r o h y d r i d e 
and subsequent p u r i f i c a t i o n on DEAE c e l l u l o s e (B). 
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exchange ( i f n e c e s s a r y ) was done by chromatography on DEAE 
c e l l u l o s e (DE 52, Whatman). Chemical o x i d a t i o n of r e a c t i o n 
c e n t e r s was performed by t i t r a t i o n w i t h potassium f e r r i c y a n i d e . 
S p e c t r o s c o p y 
E x t i n c t i o n c o e f f i c i e n t s were determined w i t h r e s p e c t to 
the 870nm t r a n s i t i o n (e=1.28x10 5 cm- 2M~ 1, C l a y t o n and Wang, 
1971). S i n c e the i n t e n s i t y of t h i s band remained unchanged 
d u r i n g treatment w i t h b o r o h y d r i d e or exchange, the same value 
was used f o r m o d i f i e d RC. For* the d e t e r m i n a t i o n of molar 
e l l i p t i c i t i e s , the r e a c t i o n was f o l l o w e d i n the CD c u v e t t e , 
and the decrease a t the 870nm band then used t o c a l i b r a t e a l l 
o t h e r bands i n p u r i f i e d , m o d i f i e d RC. Low temperature ab-
s o r p t i o n and f l u o r e s c e n c e s p e c t r a were r e c o r d e d i n the 
appara t u s d e s c r i b e d by Angerhofer e t a l . (1986), f l u o r e s c e n c e -
ODMR and microwave-induced a b s o r p t i o n - d i f f e r e n c e (MIA or ADMR) 
s p e c t r a were measured w i t h the ODMR set-up d e s c r i b e d by 
Ang e r h o f e r e t a l . (1985). 
RESULTS 
T r e a t ment _ o f R C w i t h b o r o h y d r i d e from Rp. s p h a e r o i d e s 
Upon treatment w i t h b o r o h y d r i d e , the 800nm a b s o r p t i o n 
d e c r e a s e s by about 55% as compared t o i t s s t a r t i n g v a l u e . 
D i s t i n c t changes occur a l s o i n the Qx s p e c t r a l r e g i o n between 
500 and 630nm ( F i g . l ) . T y p i c a l p r e p a r a t i o n s have an 800/870nm 
a b s o r p t i o n r a t i o of 1.1 to 1.3. These s p e c t r a l changes are 
s i m i l a r t o the ones d e s c r i b e d by D i t s o n e t a l . (1984). The 
r e a c t i o n i s l e s s complete i n the presence of TX-100 i n s t e a d of 
LDAO. The low-temperature spectrum shown i n F i g . l r e v e a l s some 
d e t a i l s (Beese e t a l . , 1987) which were not d i s c e r n i b l e i n the 
room temperature s p e c t r a . Two minor bands become apparent at 
780 and 572nm, and the shape of the Bphe band at 757nm i s 
d i f f e r e n t . I n s t e a d of c o n s i s t i n g of two p o o r l y r e s o l v e d bands 
of e q u a l i n t e n s i t y , i t now appears to be a main band s h i f t e d to 
l o n g e r wavelengths w i t h a Short wavelength S h o u l d e r . 
S i n c e the r e a c t i o n i s accompanied by an i n c r e a s e of the 
pH t o 10-10.5, the e f f e c t of h i g h pH alone was t e s t e d i n an 
independent experiment. Up t o pH 10.5, the spectrum remains 
T a b l e 1. R e a c t i o n of d i f f e r e n t b a c t e r i o c h l o r o p h y l l -
p r o t e i n s w i t h potassium b o r o h y d r i d e 
RC Rb. . js ph, aerp i d e s R26 decrease 804nm 
RC sp h a e r o i d e s no e f f e c t 
RC Rp. v i r i d i s some d e c r e a s e 820nm 
B880 Rs. rubrum no e f f e c t 
B800- 850 Rb. s p h a e r o i d e s d e c r e a s e 800nm 
B800- 850 Rp. a c i d o p h i l a (type I) d e c r e a s e 800nm 
B800- 850 Rp,. __a c i d o p h i 1 a (type II) d e c r e a s e 800nm 
B800- 840 Cr. vinosum de c r e a s e 800nm 
B800- 820 Cr. vinosum de c r e a s e 800nm 
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unchanged. At h i g h e r pH, the a b s o r p t i o n around 860 nm dec-
r e a s e s f i r s t , f o l l o w e d by the 800 nm band. O b v i o u s l y , the h i g h 
pH o b t a i n e d under the e x p e r i m e n t a l c o n d i t i o n s has no e f f e c t on 
the spectrum. I t s h o u l d be noted, however, t h a t the r e a c t i o n i s 
a c c e l e r a t e d by i t . 
Treatment of .other _ c h 1 o r o p h y l l - p r o t e i n s and mice11ar 
c h l o r o p h y l l - d e t e r g e n t complexes w i t h b o r o h y d r i d e 
The r e a c t i o n s of o t h e r b a c t e r i o c h l o r o p h y l l - p r o t e i n s w i t h 
b o r o h y d r i d e are summarized i n T a b l e 1. Except f o r the RC from the 
w i l d - t y p e s t r a i n Rb. s p h a e r o i d e s 2.4.1 and from Rp. v i r i d i s , 
which gaved l i t t l e to no r e a c t i o n , a l l o t h e r complexes showed 
a s e l e c t i v e and v e r y pronounced r e a c t i o n of those chromophores 
a b s o r b i n g around 800nm, whereas the ones a b s o r b i n g a t l o n g e r 
wavelenghts d i d not r e a c t . T h i s i n d i c a t e s some common prop-
e r t y of these chromophores, which s e t s them a p a r t from the ones 
a b s o r b i n g at l o n g e r wavelengths. P a r t of t h i s r e a c t i v i t y may be 
r e l a t e d to a b e t t e r a c c e s s i b i l i t y to the h y d r o p h i l i c borohyd-
r i d e . That the a g g r e g a t i o n S t a t e of the pigments may be a n o t h e r 
f a c t o r , i s i n d i c a t e d b y m o d e l s t u d i e s w i t h m i c e l l a r complexes 
i n the d e t e r g e n t , TX-10Ö. The r e a c t i o n of monomeric C h l o r o p h y l l 
a or b i s f a s t e r by two Orders of magnitude as compared t o the 
r e s p e c t i v e aggregates. More r e c e n t l y , some experiments were 
c a r r i e d out w i t h c h l o r o p h y l l - p r o t e i n complexes from green 
p l a n t s showing t h a t they r e a c t as w e l l w i t h b o r o h y d r i d e i n a 
d i f f e r e n t i a l manner (Scheer, Anderson and P o r r a , u n p u b l i s h e d ) . 
Another noteworthy and common f e a t u r e i s the r e g i o s e l e c t i v i t y 
of the r e a c t i o n . Behl a and the p l a n t pigment, C h i b, bear two 
c a r b o n y l groups. In S o l u t i o n , e.g. i n methanol, the 13 1 C=0 
group i s always much l e s s r e a c t i v e than 3 C=0 or 7 1 C=0, 
r e s p e c t i v e l y . T h i s i s shown i n F i g . 2 f o r the r e a c t i o n of C h i 
b. The same r e g i o s e l e c t i v i t y has been observed i n a l l e x p e r i -
ments, both w i t h the p i g m e n t - p r o t e i n and pigment-detergent 
complexes. 
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Sample homogeneity: Sp e c t r o s c o p y 
The e x c i t a t i o n s p e c t r a of the P870 f l u o r e s c e n c e at low 
temperatures are s i m i l a r to the a b s o r p t i o n s p e c t r a . The 
e m i s s i o n s p e c t r a of m o d i f i e d RC (Beese et a l . , 1987) have two 
bands at 917nm ( r e a c t i o n c e n t e r ) , and around 776nm (contamin-
a t i o n w i t h f r e e (= non-aggregated) pigments). The l a t t e r are 
s t r o n g l y f l u o r e s c e n t and thus p i c k e d up w i t h h i g h s e n s i t i v i t y 
i n the RC, which i s o n l y weakly f l u o r e s c e n t i t s e l f . The o n l y 
s i g n i f i c a n t change of the sample a f t e r m o d i f i c a t i o n w i t h sodium 
b o r o h y d r i d e , i s an i n c r e a s e of t h i s f r e e pigment e m i s s i o n by 
a p p r o x i m a t e l y 150%. There i s i n p a r t i c u l a r no new band above 
800nm. T h i s i n d i c a t e s a homogeneous e m i s s i o n of p r o t e i n - b o u n d 
pigments. Homogeneity of the p r e p a r a t i o n and unchanged hyper-
f i n e c o u p l i n g of the pr i m a r y donor t r i p l e t , i s a l s o supported 
by o p t i c a l l y - d e t e c t e d magnetic resonance. The s p e c t r a of unmod-
i f i e d and m o d i f i e d RC are i d e n t i c a l w i t h i n the e x p e r i m e n t a l 
e r r o r (Beese e t a l . , 1987) both f o r a b s o r p t i o n and f l u o r e s c e n c e 
d e t e c t i o n . 
A B C 
F i g . 3: P o l y p e p t i d e c o m p o s i t i o n of RC as a n a l y z e d by SDS-PAGE. 
Trace A: U n t r e a t e d RC. Trac e B: RC t r e a t e d w i t h boro-
h y d r i d e . Absorbance r a t i o 800/870 = 1.3. Tr a c e C: RC 
i n c u b a t e d f o r 14 h r s a t pH 11. 
Sample homogeneity: P o l y p e p t i d e c o m p o s i t i o n 
The RC c o n t a i n s t h r e e P o l y p e p t i d e s (H,M,L) w i t h apparent molec-
u l a r weights of 28, 24 and 21 kDa, r e s p e c t i v e l y . An a d d i t i o n a l 
P e p t i d e (15 kDa) appears upon treatment w i t h b o r o h y d r i d e , and 
the i n t e n s i t y of the M-band i s d i m i n i s h e d at the same time 
( F i g . 3 ), i n d i c a t i n g most l i k e l y a c l e a v a g e of M. C o n t r o l 
samples i n c u b a t e d a t pH 11 f o r s i m i l a r l e n g t h of time, but 
w i t h o u t the a d d i t i o n of b o r o h y d r i d e , d i d not show the a d d i t -
i o n a l P o l y p e p t i d e . T h i s i n d i c a t e s t h a t o n l y the NaBH4-reduction 
but not the accompaning pH change l e a d s t o c l e a v a g e of the 
M- p o l y p e p t i d e . Cleavage r e a c t i o n s of t h i s r e a g e n t s have been 
r e p o r t e d b e f o r e ( C r e s t f i e l d e t a l . , 1963). 
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Two c o n c l u s i o n s can be drawn from these r e s u l t s : 1) The 
sample i s b i o c h e m i c a l l y heterogeneous i n s p i t e of i t s s p e c t r o s -
c o p i c homogeneity. 2) Cleavage of the M-subunit has o n l y minor 
e f f e c t s on s t a b i l i t y and f u n c t i o n a l i t y of RC. R e v e r s i b l e 
b l e a c h i n g has been r e t a i n e d b e f o r e i n membranes a f t e r e x t e n s i v e 
p r o t e o l y s i s (Bachofen and Wiemken, 1984; S t e i n e r e t a l . , 1986; 
T h e i l e r e t a l . , 1984), but the r e a c t i o n c e n t e r s are g e n e r a l l y 
not r e s i s t e n t t o the same treatment i n S o l u t i o n . T h i s r e f l e c t s 
a more s p e c i f i c p r o t e o l y s i s by b o r o h y d r i d e . 
^ ^ J ^ ^ 3 ^ 9 Ä ^ A 0 0 M with _ P 8 7 j D 
The r e s u l t s d i s c u s s e d so f a r i n d i c a t e t h a t removal of 
Benin produces o n l y l o c a l i z e d changes and no d i s t u r b a n c e s of 
the remaining f i v e t e t r a p y r r o l s . Such i n t e r a c t i o n s are 
r e v e a l e d , however, by methods which are more s e n s i t i v e t o 





X [nm] 1050 
F i g . 4. CD s p e c t r a of u n t r e a t e d ( ) and b o r o h y d r i d e t r e a t e d 
RC ( ). The t r e a t e d sample was p u r i f i e d over DEAE 




F i g . 5. C i r c u l a r d i c h r o i s m s p e c t r a of RC o x i d i z e d w i t h F e ( C N ) e 3 ~ 
a: U n t r e a t e d RC. b: Sample a f t e r r e a c t i o n w i t h b o r o h y d -
r i d e and p u r i f i c a t i o n . 
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m o d i f i e d RC are compared i n F i g s . 4,5. In r e l a x e d (=reduced) RC 
the changes are no l o n g e r c o n f i n e d t o the s p e c t r a l r e g i o n 
around 800nm. There i s i n p a r t i c u l a r a d e c r e a s e i n o p t i c a l 
a c t i v i t y of the 870nm band, i n d i c a t i n g some s t r u c t u r a l change 
and/or the c o u p l i n g of B800m w i t h P870 i n u n m o d i f i e d RC. In 
o x i d i z e d RC ( F i g . 5 ) , the s t r o n g band around 800 nm i s reduced 
t o 33% i n i n t e n s i t y , and the f i n e s t r u c t u r e of the Bphe bands 
i n d i c a t e s a s i g n i n v e r s i o n f o r the one a b s o r b i n g a t l o n g e r 
wavelengths. D i s t i n c t changes have a l s o been found i n the 
microwave-induced a b s o r p t i o n d i f f e r e n c e s p e c t r a of RC upon 
m o d i f i c a t i o n w i t h b o r o h y d r i d e . They c o u l d be r a t i o n a l i z e d by a 
s t r u c t u r a l change (Scherer and F i s c h e r , 1987). The Raman 
resonance s p e c t r a show s m a l l but d i s t i n c t s h i f t s as w e l l 
r e f l e c t i n g i n t e r a c t i o n s of BchlM w i t h both n e i g h b o r i n g B870 and 
BpheM (Beese et a l . , 1987). 
These examples show t h a t removal of BchlM has v e r y pronounced 
e f f e c t s on i t s n e i g h b o r i n g pigments, P870 and BpheM. They 
i n v o l v e both minor geometric changes, p r o b a b l y due t o a r e a r -
rangement i n reponse to the h o l e c r e a t e d , and the e l i m i n a t i o n 
of c o u p l i n g s . 
Exchange_of ' e x t r a b a c t e r i o c h l o r o p h y l l s ' i n RC 
A p p l i c a t i o n of the procedure of Loach e t a l . (1975) t o RC from 
R§_.,„.r„ubrum a n d Rb_-_.sphae^qide^ d i d not show any exchange of 
pigments d e t e c t a b l e by l a b e l i n g w i t h 1 4 C (both ways) or w i t h 
B e h l b e a r i n g a d i f f e r e n t a l c o h o l . A l l samples were p u r i f i e d 
a f t e r the i n e u b a t i o n by chromatography on DEAE c e l l u l o s e , to 
remove any adsorbed pigments. T h i s c o n f i r m s f i n d i n g s of Loach 
( p r i v a t e communication), who observed a l o s s of ESR l i n e -
n arrowing i n 2 H - t r e a t e d RC i f they were r e - p u r i f i e d a f t e r the 
i n e u b a t i o n . Whereas t h i s r e v e r s i b l e l i n e - n a r r o w i n g poses an 
i n t e r e s t i n g problem by i t s e l f , because i t means spin-exchange 
between P870 and l o o s e l y adsorbed B e h l , the r e s u l t s d e f y the 
o r i g i n a l g o a l . 
When the method was pursued f u r t h e r , i t c o u l d be m o d i f i e d , 
however, to produce what l o o k s l i k e a t r u e exchange of the 
' e x t r a ' B e h l . The main m o d i f i c a t i o n i s an i n c r e a s e of the 
i n e u b a t i o n temperature to about 40° , which i s j u s t a t the p o i n t 
where r e a c t i o n c e n t e r s b e g i n to u n f o l d . The v e r i f i c a t i o n t e s t s 
i n v o l v e d s e v e r a l d i f f e r e n t t e c h n i q u e s . 1. L a b e l l i n g of Behl a 
w i t h d i f f e r e n t e s t e r i f y i n g a l c o h o l and subsequent a n a l y s i s by 
HPLC. 2. I n e u b a t i o n of 1 4C-RC w i t h c o l d Behl a, and v i c e v e r s a . 
Scheme 1. E x p e r i m e n t a l procedure to e s t a b l i s h exchange of 
' e x t r a ' Behl i n RC. 
1 2 C-RC 
I 
!a)Ineubation w i t h excess 1 4 C B e h l , 4° 
j^b)DEAE c e l l u l o s e chromatography 
1 2 ' 1 4 C - R C 
! 
la )NaBH4 r e d u e t i o n b ) e x t r a c t i o n 
i 1 1 
1 4 C - 3 - d e e t h y l - 3 - h y d r o x y e t h y l Behl a 1 2 / 1 4 C - R C ( 1 ^ C - d e p l e t e d ) 
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Exchanges o f £50% of the t o t a l Behl p r e s e n t i n RC were o b s e r v e d . 
In a l l c a s e s , the p u r i t y of the t r e a t e d RC wi t h r e s p e c t t o f r e e 
or a d s o r b e d pigment was checked by a b s o r p t i o n ( i n t e n s i t y r a t i o 
of NIR bands) and/or f l u o r e s c e n c e s p e c t r o s c o p y ( O b s e r v a t i o n o f 
e m i s s i o n bands below 850nm). 
Assignment of the exchanged pigment t o BchlM and BchlL was done 
by two p r o c e d u r e s . 1. Exchange of P870 was exclud e d by the f a c t 
t h a t the ESR s i g n a l of RC t r e a t e d w i t h 2 H - B c h l a was unchanged. 
2. A p o s i t i v e c o r r e l a t i o n w i t h the ' e x t r a ' Behl a made use of 
the a f o r e m e n t i o n e d NaBH4 s e l e c t i v i t y t o BchlM (Scheme 1 ) . The 
f i n d i n g of 1 4 C - 3 - d e a c e t y l - 3 - h y d r o x y e t h y l Behl a c o n f i r m s t h a t 
exchange o c c u r s at l e a s t at BchlM, and the exchange y i e l d then 
i n d i c a t e s t h a t Bchli. i s a c e s s i b l e as w e l l . 
These r e s u l t s i n d i c a t e t h a t the way f i r s t pursued by Loach e t 
a l . (1975) c o u l d be u s e f u l a f t e r a l l . Experiments to e x p l o r e 
t h i s r e a c t i o n f u r t h e r by u s i n g s t r u c t u r a l l y m o d i f i e d pigments 
are i n p r o g r e s s . 
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